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Abstract 
This paper presents an improvement to gesture reconstruction with a computer-writing tool based on an inertial principle. The 
computer-writing tool is modified with a complete, miniaturized, six degrees-of-freedom inertial measurement unit in order to 
reduce the error in the tool’s orientation with respect to the reference coordinate system and, consequently, to reduce the error in 
the tool’s tip position on the paper. The improvement is achieved by calibrating the inertial measurement unit using advanced 
modeling of the nonlinear voltage output of a triple-axis low-g MEMS accelerometer. The nonlinear accelerometer’s model 
considers an interacting influence between the measuring axes of the arbitrarily oriented writing tool. With a combination of the 
attitude compensation and the zero-velocity compensation techniques the positional error of the tool’s tip on the paper is reduced. 
© 2009 Published by Elsevier Ltd. 
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1. Introduction 
Nowadays, there are many consumer electronic devices that benefit from miniaturized inertial sensors. An 
example of such a device is a computer-writing tool or pen for the simultaneous writing on a paper and on a 
computer screen, without any reference system, as described by Reynaerts et al. [1]. This pen has a writing phase 
and an air phase of operation and uses a friction principle based on force sensing [2] and a combined inertial and 
magnetic principle based on a dual-axis MEMS accelerometer and a dual-axis magnetometer. Because of 
insufficient information about the angular movement of the pen, the separation of the gravitational and linear 
accelerations resulted in an exaggerated positional error of the pen tip. Therefore, with the rapid development of 
MEMS inertial sensors in recent years the former gyroscope-less inertial measurement unit (IMU) [3] was replaced 
with a six-degrees-of-freedom (DoF) IMU. 
In order to improve the gesture reconstruction, a calibration of the IMU is intended to minimize the errors of the 
effected MEMS parameters, such as sensitivity, cross-sensitivity, misalignment, bias and broadband noise. Apart 
from the calibration of the MEMS gyroscopes, this work concentrates on the calibration of a triple-axis low-g 
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Fig. 1: Calibration set-up 
Fig. 2. Scheme of a MEMS accelerometer for the calibration procedure 
MEMS accelerometer in one chip, which experiences a nonlinear voltage output because of the cross-sensitivities 
and misalignments of the sensing axes. Approach for modeling a nonlinear response of the accelerometer was 
presented by Ang et al. [4], but this approach suffers from two applicable disadvantages. Ang’s model considers 
only a dual-axis low-g accelerometer and therefore calculates the acceleration in the third sensing axis from the 
gravity in the static mode that is not necessarily correct, because a triple-axis low-g accelerometer in one chip does 
not have an ideal response in the third sensing axis. Furthermore, a linear approximation does not represent the 
middle curve of an experienced nonlinear output curve. These disadvantages lead to an even greater positioning 
error. Consequently, this paper presents an overview of the advanced modeling of a nonlinear output of a triple-axis 
low-g MEMS accelerometer. An advanced model is applied for the gesture reconstruction of single, uniform strokes 
in a short time period in order to further improve the accuracy of reconstruction together with the post-processing 
steps, i.e., the extraction of a useful inertial signal, attitude compensation and zero velocity compensation [5]. 
2. Advanced nonlinear model of a MEMS accelerometer’s output for gesture reconstruction 
The novel six-DoF IMU of a pen consists of a triple-axis low-g (±2g) MEMS accelerometer (LIS344ALH) and of 
two dual-axis MEMS gyroscopes (IDG-500 and IXZ-500). For the purpose of calibration the set-up [3] in Fig. 1 was 
used, where the absolute angle encoders with the accuracy of 0.1° are fixed on three orthogonal axes. The 
construction of the set-up allows us to put the IMU in all orientation positions that can be described by Euler angles, 
where successive rotations around the z-axis, y-axis and x-axis represent yaw (ψ), pitch (θ) and roll (ϕ) angles. A 
low-g capacitive accelerometer can take advantage of the gravity interference on the sensing axes for a calibration 
procedure, because the accelerations experienced on the sensing axes during the handwriting are less than ±1g. 
Consequently, only the pitch and roll encoders are used.  
A linear model generally proposes the calculation of an acceleration ai in relation to a measured voltage Vi, a 
sensitivity Si and a voltage bias Bi as: 
  ( )i i i ia V B S= −               (1) 
Throughout the paper, the subscript i stands for one of the axes x, y or z, whereas the subscripts j and k stand for 
another two axes that complete the right-handed Cartesian coordinate system, as in Fig. 2. However, a basic 
nonlinear voltage output is experienced if the accelerometer is rotated around the j-axis in the 0g plane, because of 
the cross-sensitivity from the k-axis and misalignment [4] as in Fig. 3, where the Y-axis voltage output vs. the 
acceleration is presented with the cross-sensitivity effect from the X-axis. A detailed analysis of the experimental 
results contradicts Ang’s approach [4] because, in general, a linear 
approximation curve is not a middle curve of a nonlinear output 
curve. Furthermore, by introducing a single rotation around the k-
axis of an angle αk before rotation around the j-axis, the voltage 
output is shifted non-significantly because of a combined cross-
sensitivity effect. These differences are related to the use of a 
triple-axis accelerometer in one chip, where the sensing 
microstructure in one direction also depends on the response of 
the microstructures in another two orthogonal directions at the 
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Fig. 3. Y-axis voltage output vs. acceleration; cross-sensitivity 
effect from X-axis. 
Fig. 4. Disproportionate nonlinear model of accelerometer's voltage 
output vs. acceleration. 
same time. Because we do not know the inner relations of the microstructures we are not able to predict the shape of 
the hysteresis-like curve and the intensity of the cross-sensitivity effect. 
For the development of an advanced model, a disproportionate voltage output in the i-axis for a rotation only 
around the j-axis in the 0g plane is presented in Fig. 4. Different voltages, Vik,+ and Vik,-, represent the same 
acceleration because of a cross-sensitivity effect from the k-axis. If we assume this effect has the same amplitude 
when the acceleration in the k-axis is either positive or negative, a mean voltage mik between Vik,+ and Vik,-  
represents a condition without any cross-sensitivity influence. Because the mean voltage mik in general does not lie 
on the linear approximation line, the acceleration error between points mik and lik can be experienced. Consequently, 
a novel step initially shifts the linear approximation curve for a residual acceleration Raik with respect to the voltage 
output Vi to form the middle curve of a nonlinear output. The experimentally defined values Raik(Vi) form a high-
order polynomial raik(Vi), based on a least-squares approximation. Furthermore, the cross-sensitivity effect of the k-
axis is modelled above the point mik. The deviation from the middle line is called the residual bias Rbik(Vk) [4] and it 
depends on the acceleration and the subsequent voltage output in the k-axis Vk. The residual biases Rbik(Vk) are also 
approximated by a polynomial rbik(Vk). When the procedure is also repeated with a rotation around the k-axis there 
are two basic nonlinear models for the acceleration in i-axis. In this work these two models are supposed to have 
independent and simultaneous effects; therefore, the nonlinear acceleration output with respect to the linear model in 
(1) and the combined effect from the j- and k-axes can be written as: 
                        ( )( )( , , ) ( ) ( ) ( ) ( ) ( )i i j k i i ij j ik k i ij i ik i jk ia V V V V B rb V rb V S ra V ra V rc V= − + + + + + ,              (2) 
where rcjk(Vi) is a residual coupling polynomial dependent on the voltage output Vi in the i-axis for the correction of 
deviations of the combined cross-sensitivity effects from the j-axis and the k-axis. The polynomial is experimentally 
defined from the residual coupling factors Rcjk(Vi) in arbitrary orientations. 
To track the position of the pen tip, the measured accelerations of the pen must be processed in the correct way. 
Detailed information about the theoretical background for the inertial navigation can be found in [5] and [6]. In 
addition, three post-processing steps are included in this work. The first step is the extraction of a useful inertial 
signal. In this work the starting and finish points are found with the condition from angular motion: 
  2 2 2sum x y zW ω ω ω= + + ,                                                                    (3) 
where ωx, ωy and ωz represent the measured angular rates. The stroke is extracted when Wsum is more than the 
threshold value of 0.5°/s for more than 1.5 seconds. The second step is called the attitude compensation (ATC). This 
procedure linearly compensates for the orientation error during a stroke with respect to the starting and finish points 
because of the integration drift. The third step is called the zero velocity compensation (ZVC). This procedure 
linearly compensates for the linear acceleration in the navigational frame because of an inaccurate subtraction of the 
gravity. ZVC supposes that the starting and finishing velocity of the pen tip are zero. ATC and ZVC are described in 
detail by Yang et al. [5]. The efficiency of the ATC and ZVC methods also depends on the accuracy of the 
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                                                (a) Letter Z                                 (b) Letter S
Fig. 5. Gesture reconstruction: reference curve ( ), reconstruction with linear model and without ATC+ZVC ( ), reconstruction 
with linear model and with ATC+ZVC ( ), reconstruction with nonlinear model and ATC+ZVC ( ). 
orientation of the pen at the starting and finishing points. This accuracy can be affected by a shaking hand or by the 
non-uniformity of the stroke. Nevertheless, the idea of applying an advanced nonlinear model of a MEMS 
accelerometer is not only to improve the accuracy of the linear acceleration during the stroke, but also to improve 
the performance of the described compensation methods. 
3. Results and discussion 
A nonlinear model was verified with the reconstruction of uniform gestures that imitate the shapes of letters in a 
0g plane. For the purposes of discussion, the reconstruction of the letters Z and S is in Fig. 5. Letter Z has straight 
lines and can represent the simple changes of position on a form, whereas the letter S can represent a more arbitrary 
move. Both subfigures show that the use of the ATC and ZVC procedures is essential for improving the accuracy of 
the reconstruction. A basic reconstruction with a linear model and without the use of ATC and ZVC moves off the 
reference line, especially if the beginning of the stroke is not a straight line. If ATC and ZVC are used, the nonlinear 
model shows an improvement, in contrast to a linear model, especially with the letter Z. This letter has more straight 
lines compared to the letter S, and therefore the orientation of the pen changes less during a stroke. As a result of 
this the linear compensation procedures ATC and ZVC are more efficient. The difference in the accuracy between 
the nonlinear and the linear models on the letter Z becomes evident after breaks of the straight lines. At these points 
the uniformity of the stroke is affected and the orientation of the pen changes significantly. Despite using a 
nonlinear model the positional error increases after some time, especially with complicated gestures, such as the 
letter S. However, despite the time-consuming experimental modelling of accelerometer’s nonlinear output, the 
precision of the inertial positioning can be improved. 
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